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Abstract 

The  corrosion  resistance  of  intermetallic  NiAl,  superalloy  GH217  and  an  18-8  stainless  steel  in  molten  carbonates  at  923  K  was 
determined  by  weight  loss  and  electrochemical  measurements.  Morphology  and  structure  of  the  corrosion  products  were  characterized 
using  a  combination  of  electron  probe  and  X-ray  diffraction  (XRD).  The  corrosion  resistance  of  NiAl  is  the  best  among  the  materials 
investigated.  NiAl  produces  more  protective  corrosion  products  and  forms  more  complete  oxide  films  on  the  surface  than  GH217  or  18-8 
stainless  steel.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Molten  carbonate  fuel  cells  (MCFCs)  are  energy  conver¬ 
sion  devices  that  directly  convert  chemical  energy  in  fossil 
fuels  into  electricity.  MCFCs  are  operated  in  molten  carbo¬ 
nate  at  about  923  K.  The  life  of  cells  is  limited  by  the 
corrosion  of  structural  materials  such  as  wet-seal  materials 
in  cells  [1].  MgO  ceramics  and  several  precious  metals  have 
good  corrosion  resistance  in  molten  carbonate,  but  the  very 
poor  mechanical  properties  of  MgO  ceramics  and  the  cost  of 
precious  metals  prevent  them  from  being  applied  in  MCFCs 
[2,3],  Now,  stainless  steels  are  used  in  MCFCs,  but  their 
corrosion  resistance  in  molten  carbonate  does  not  satisfy  the 
need  of  a  40,000  h  lifetime,  especially,  in  the  wet  seal  area 
under  highly  corrosive  carbonate  melt  [1],  Recently,  the 
corrosion  behavior  of  Fe,  Ni  and  Cr,  the  most  important 
elements  in  stainless  steels  and  superalloys,  has  been  studied 
[4-6].  Vossen  [4]  reported  that,  the  NiO  passive  film  on 
nickel  in  molten  LLCCL-ICCCL  decrease  the  potectivity  of 
passive  film  due  to  Ni3  h  formation  at  more  positive  poten¬ 
tial.  Iron  in  Ni-Fe  alloys  can  form  Fe3+  ion  in  NiO  film,  and 
ferric  ion  make  corrosion  current  increase  [5],  The  passive 
film  of  Cr  in  molten  carbonate  can  solve  at  more  positive 
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potential.  Chromium  is  not  suitable  to  improve  the  corrosion 
resistance  in  molten  carbonate  [6], 

Hwang  and  Kang  [7]  suggested  that  aluminum-containing 
alloys  possess  sufficient  corrosion  resistance  under  wet-seal 
area  environment  in  MCFCs  and  aluminizing  can  be  selected 
as  the  technique  for  protection.  Hwang  and  coworkers  [7-9] 
reported  Al-Ni-plated  materials  have  excellent  corrosion 
resistance  in  carbonate  melts  and  NiAl  among  the  inter¬ 
metallic  phases  of  NiAl3,  Ni2Al3,  NiAl  in  the  Al-Ni  coated 
layers  plays  important  roles.  But,  the  development  of  voids 
between  the  coated  layer  and  the  substrate  make  the  coated 
layer  failure  after  a  long-term  immersion. 

NiAl  is  a  material  of  great  interest  in  high  temperature 
applications  because  of  its  high  melting  point  and  excellent 
oxidation  resistance.  As  yet  NiAl  is  used  mainly  as  a  base 
material  for  oxidation  resistant  coatings  on  high-tempera- 
ture  alloys.  Renewed  interest  has  arisen  because  of  improve¬ 
ments  in  mechanical  properties  and  its  good  ductility  at  high 
temperature  [10].  It  is  intended  to  use  NiAl  in  structural 
applications.  NiAl  oxidation  behavior  has  been  investigated 
in  recent  years  [11,12],  but  there  are  a  few  corrosion  data  for 
NiAl  in  molten  carbonate. 

In  this  paper,  the  corrosion  behavior  of  intermetallic  NiAl 
was  studied  in  molten  carbonate,  and  was  compared  with 
those  of  an  18-8  stainless  steel  and  superalloy  GH217  by 
immersion  and  electrochemical  tests.  The  effects  of  alumi¬ 
num,  nickel,  chromium,  iron  and  corrosion  products  on 
corrosion  are  discussed. 
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Table  1 

Compositions  in  wt.%  of  the  materials  investigated 


Elements 

C 

Ni 

Al 

Cr 

Fe 

Ti 

Co 

Mo 

Mn 

Si 

W 

P 

S 

NiAl 

_ 

70.69 

Bal. 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

Superalloy  GH217 

0.1 

Bal. 

0.72 

23.26 

- 

2.18 

10.05 

1.2 

- 

- 

1.64 

- 

- 

18-8  Stainless  steel 

0.06 

9.7 

- 

18.12 

Bal. 

0.56 

- 

- 

1.05 

0.39 

- 

0.032 

0.009 

2.  Experimental 

NiAl  was  prepared  by  induction  melting  and  casting  into 
an  ingot.  The  18-8  stainless  steel  and  superalloy  GH217 
were  commercial  materials.  The  compositions  of  three 
materials  are  given  in  Table  1.  The  materials  were  cut  into 
specimens  (1  mm  x  10  mm  x  15  mm  and  1  mm  x  1  mm  x 
50  mm)  which  were  used  in  immersion  tests  and  electro¬ 
chemical  tests,  respectively,  by  spark  erosion  and  abraded  to 
1000  grit  on  all  sides.  It  was  ascertained  that  further  polish¬ 
ing  had  no  influence  on  the  corrosion  processes. 

Immersion  experiments  were  performed  in  an  alumina 
pot,  which  contained  molten  carbonate  in  a  furnace  kept  at 
923  ±2K.  The  carbonate  is  a  mixture  of  62  mol%  LLCC^ 
and  38  mol%  K2CO3.  The  specimens  (lmmx  10  mm  x 
15  mm)  were  rinsed  with  acetone  to  remove  grease.  The 
specimens  were  measured  the  weights  and  sizes  before 
immersion  in  molten  salt.  The  immersion  of  materials 
investigated  in  molten  carbonate,  respectively,  lasted  for 
4,  8,  12,  24,  36,  54,  72.  100,  120  h.  After  immersion,  the 
specimens  were  rinsed  with  distilled  water,  dipped  in  a 
solution  containing  hydrochloric  acid  and  tetrabutylammo- 
nium  iodide  to  strip  corrosion  products,  dried,  and  weighted 
by  microbalance.  The  morphology  and  distribution  of  ele¬ 
ments  of  oxide  scales  on  the  surface  of  specimens  were 
investigated  with  electron  probe.  The  structures  of  corrosion 
products  were  studied  with  X-ray  diffraction  (XRD). 

Electrochemical  tests  were  carried  out  in  an  alumina 
crucible  containing  carbonate  melt.  A  silver  ring  counter 
electrode  was  placed  near  the  inner  wall  of  the  cell,  and 
working  and  reference  electrodes  were  placed  near  the 
center.  The  reference  electrode  consisted  of  an  alumina  tube 
filled  with  molten  salts  (60  mol%  KC1  +  40  mol% 
LiCl  +  0.1  mol%  AgCl)  in  which  a  silver  wire  was  inserted. 
The  working  electrode  (1  mm  x  1  mm  x  50  mm)  was  con¬ 
nected  with  a  copper  wire  which  was  sealed  in  an  alumina 
tube  with  ALO3  powder  and  a  binder.  The  working  electrode 
protruding  from  the  tube  polished  to  1000  grit,  washed  with 
distilled  water  and  acetone,  and  then  dried  before  tests.  The 
electrochemical  set-up  consisted  of  a  ZF-3  potentiostat,  an 
X-Y  recorder  and  a  signal  generator. 

3.  Results  and  discussion 

The  time-dependent  weight  loss  of  NiAl,  18-8  stainless 
steel  and  GH217  superalloy  in  molten  carbonate  at  923  K  is 
shown  in  Fig.  1 .  The  weight  loss  of  NiAl  is  much  less  than 


Fig.  1.  The  weight  loss  of  NiAl,  GH217  superalloy  and  18-8  stainless  steel 
in  carbonate  melt  (923  K). 

those  of  superalloy  GH217  and  18-8  stainless  steel,  espe¬ 
cially,  after  50  h,  and  superalloy  GH217  and  18-8  stainless 
steel  show  the  corrosion  rate  increase  suddenly  after  ~50  h. 

The  electron  probe  micrographs  of  NiAl  after  immersion 
in  molten  carbonate  for  24  h  at  923  K  are  shown  in  Fig.  2a.  A 
continuous  oxide  film  can  be  observed  on  NiAl.  The  element 
distribution  on  NiAl  is  shown  in  Fig.  2b  and  c.  Nickel  and 
aluminum  distributed  evenly  on  surface  of  NiAl.  The  mor¬ 
phology  of  film  on  superalloy  GH217  after  immersion  in 
molten  carbonate  is  shown  in  Fig.  3(a).  The  oxide  film  on 
GH217  is  composed  of  two  regions.  One  is  bright,  rich  in  Cr, 
the  other  is  dark,  rich  in  Ni. 

An  electron  probe  micrographs  of  18-8  stainless  steel 
after  immersion  in  carbonate  are  shown  in  Fig.  4a.  The  film 
on  stainless  steel  is  composed  of  particles  of  corrosion 
products.  The  element  distributions  (Fig.  4b-d)  show  that 
the  particles  contain  more  iron  and  less  chromium  and  nickel 
than  the  base  alloy. 

The  XRD  results  are  shown  in  Table  2.  The  corrosion 
products  on  NiAl  after  immersion  for  120  h  are  composed  of 
Li  A  IGF  and  LLNigOio-  Those  on  GH217  and  18-8  stainless 


Table  2 

The  corrosion  products  on  the  samples  investigated  after  immersion  in 
carbonate  for  120  h 


Samples 

Corrosion  products 

NiAl 

LiA102  “I-  L^NigOio 

GH217  superalloy 

Ni203  T  Li2Ni8O10  T  LiCr02 

18-8  Stainless  steel 

LiFe02  +  Li2Ni8O10  T  LiCr02 
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Fig.  2.  Oxide  film  morphology  and  element  distribution  for  NiAl  immersed  in  molten  carbonate  at  923  K  for  24  h:  (a)  morphology;  (b)  aluminum  distribution 
and  (c)  nickel  distribution. 


steel  are,  respectively,  Ni203  +  LbNixOio  +  Li  CTO 2  and 
LiFe02  +  LFNisOio  +  LiCrOi. 

Fig.  5  shows  the  cyclic  voltammograms  for  three  materi¬ 
als  immersed  in  molten  carbonate  at  923  K.  All  voltammo¬ 
grams  show  the  active,  passive  and  transpassive  regions. 
Pitting  potentials,  repassivation  potentials  and  free  corrosion 
potentials  are  shown  in  Table  3.  Fig.  6  shows  the  anodic 
curves  with  different  sweep  rates.  As  can  be  seen,  potentials 
corresponding  peak  currents  vary  with  sweep  rates. 

The  free  corrosion  of  NiAl  in  molten  carbonate  is  mainly 
attributed  to  electrochemical  reaction  processes.  Possible 
cathodic  reactions  have  been  described  as  oxygen  reductions 
as  follows: 

02  +  2C032“  =  2022_  +  2C02  (1) 

02  +  022-  =  202~  (2) 


Table  3 

Pitting  potential,  repassivation  potential  and  free  corrosion  potential  of 
three  alloys 


Alloys 

Pitting 

potential  (mV) 

Repassivation 
potential  (mV) 

Free  corrosion 
potential  (mV) 

NiAl 

400 

-300 

-800 

18-8  Stainless  steel 

350 

-350 

-800 

GH217  superalloy 

340 

-450 

-400 

or  +  e  =  022-  (3) 

022-  +  e  =  O2  +  O  (4) 

O  +  e  =  O2  (5) 

O2^  +  C02  =  C032"  (6) 


Fig.  3.  Oxide  film  morphology  and  element  distribution  for  superalloy  GH217  immersed  in  molten  carbonate  at  923  K  for  24  h:  (a)  morphology;  (b)  Ni 
distribution  and  (c)  Cr  distribution. 
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Fig.  4.  Oxide  film  morphology  and  element  distribution  for  1 8-8  stainless  steel  immersed  in  molten  carbonate  at  923  K  for  24  h:  (a)  morphology;  (b)  Cr 
distribution;  (c)  Ni  distribution  and  (d)  Fe  distribution. 


The  reactions  to  limit,  the  oxygen  reduction  rate  are  reac¬ 
tions  (3)  and  (4),  i.e.  the  reduction  of  peroxide  ions  and 
superoxide  ions  [13-16]. 

The  anodic  reactions  in  molten  carbonate  can  be  repre- 


sented  by  Eqs.  (7)-(10)  [6,17-19], 

M  =  M2+  +  2e 

(7) 

M  +  O2  =  MO  +  2e 

(8) 

M  +  20H~  =  MO  +  H20  +  2e 

(9) 

M  +  C032~  =  MO  +  C02  +  2e 

(10) 

The  metals  may  dissolve  directly  in  electrolyte  on  the  basis 
of  Eq.  (7).  The  change  of  the  electrolytes  color  after 
immersion  of  samples  for  a  period  of  time  verified  that 
metallic  ions  occurred  in  the  electrolyte,  that  was  to  say, 
dissolution  reactions  existed.  The  metals  may  also  react 


directly  with  oxidizing  ions  and  produce  oxides  on  the 
surface  of  alloys  according  to  Eqs.  (8)— (10).  The  appearance 
of  coherent  oxides  on  alloys  was  likely  to  results  from  these 
reactions. 

During  immersion  in  molten  carbonate,  initially,  NiAl 
dissolved  actively,  as  shown  in  the  active  stage  in  Fig.  5.  This 
was  an  irreversible  processes  due  to  the  variation  of  peak 
currents  with  scan  rates  (Fig.  6).  Aluminum  in  NiAl  may 
preferentially  dissolve  or  react  with  oxidizing  ions,  because 
of  its  higher  activity.  With  the  development  of  the  anodic 
reactions,  the  oxide  films  formed  on  the  surface  of  NiAl  and 
inhibited  the  further  oxidization  of  the  base  alloy.  It  shows  a 
passive  stage  in  Fig.  5.  The  element  distributions  of  Ni  and 
Al  show  that  the  compositions  of  the  oxide  films  on  NiAl  are 
uniform  (Fig.  2b  and  c).  XRD  shows  that  the  oxide  layers  on 
NiAl  were  composed  of  and  Li2Ni8O10  and  LiA102-  The 
results  from  Auger  spectrum  in  passive  films  on  NiAl  in 
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Fig.  5.  The  cyclic  voltammograms  of  NiAl,  GH217  and  18-8  stainless  steel  in  molten  carbonate  at  923  K. 


molten  carbonate  also  show  that  the  outer-layer  is  rich  in  Al 
and  the  inner-layer  is  rich  in  Ni  [20].  Thus,  it  is  reasonable  to 
believe  that  the  outer-layer  oxide  on  NiAl  was  rich  in  LiA102 
and  the  inner-layer  was  rich  in  Li2Ni8Oio-  LiAlCL  was  the 
product  of  aluminum  oxide  by  lithiation  process.  The  lithia- 
tion  reactions  also  occurred  in  inner-layer  nickel  oxide  by 
diffusion  of  Li  and  O,  (Li20  +  NiO  +  (l/2)02  =  2LiNi02) 
[21],  Due  to  less  oxygen  in  melts  under  air  atmosphere  and 
the  difficult  of  diffusion  through  outer-layer  LiA102,  the 
incomplete  lithiation  process  of  NiO  led  to  the  products  of 
Li2Ni8O10  (Li2Ni8Oio  can  be  regarded  as  2LiNi02  +  6NiO). 
The  outer-layer  LiA102  is  very  resistant  to  corrosion  in 


carbonate  melts  [7-9,22-24].  Thus,  LiA102  is  responsible 
for  the  least  weight  loss  of  NiAl  in  the  three  alloys.  From  the 
cyclic  potentiodynamic  curves  (Fig.  5),  the  pitting  potential 
and  the  repassivation  potential  of  NiAl  are  the  most  positive 
among  three  alloys.  These  also  indicated  the  oxide  films 
on  NiAl  are  the  best  in  corrosion  resistance  in  molten 
carbonate. 

Unlike  NiAl,  the  18-8  stainless  steel  formed  an  oxide  film 
composed  of  particle  corrosion  products  (Fig.  4a).  The 
element  distribution  of  oxide  him  (Fig.  4b-d)  and  the  results 
of  XRD  indicated  that  these  particles  were  mainly  iron 
oxides  LiFe02.  Zhu  et  al.  [25]  studied  the  corrosion  of 
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SS310  and  SS316  in  molten  carbonate  and  reported  that  the 
corrosion  products  on  stainless  steel  consist  of  two  layers. 
The  outer-layer  was  porous,  the  inner-layer  was  quite  com¬ 
pact  and  may  have  some  small  pores.  The  oxide  films  on  18-8 
stainless  steel  may  be  made  up  of  outer-layer  rich  in  LiFeCK 
particles  and  inner-layer  composed  mainly  of  LFNigOjo,  and 
LiCrCF  (Table  2).  Generally,  LiCrCF  can  protect  the  base 
alloy  from  further  corrosion.  The  higher  the  concentration  of 
chromium  in  alloys,  the  lower  the  corrosion  rate  [25].  How¬ 
ever.  in  carbonate  melts,  LiCrCF  may  react  as  follow  [26,27]: 

2LiCrC>2  T  3CO33  —  2Cr04-  T  Li2C03  T  3CO2  -t-  6e 

2LiCrC>2  T  4C02  T  6e  =  2Cr  T  LFCC^  T  3C03“ 

Cr3+  in  LiCrCF  is  not  very  stable.  It  can  be  oxidized  to  Cr6+ 
in  CrO  j2  or  reduced  to  Cr.  The  more  negative  pitting 
potential  of  18-8  stainless  steel  compared  with  NiAl  in 
Fig.  5  indicated  the  poorer  protectivity  of  LiCrC>2  than 
LiAlCF.  Thus,  the  weight  loss  of  18-8  stainless  steel  is  more 
than  NiAl.  The  oxide  films  on  the  superalloy  GH217  consist 
of  nickel-rich  phases  (mainly  NFO3  and  Li2NigO10)  and 
chromium-rich  phases  (mainly  LiCr02)  in  Fig.  3.  Xie  et  al. 
[28,29]  demonstrated  that  Ni3+  was  likely  to  decomposed 
according  to  NFO3  =  2NiO  +  ( 1/2)02,  and  LiCr02  is  not 
very  protective  in  the  carbonate  melts  as  discussed  above. 
The  weight  loss  of  GH217  is  more  in  molten  carbonate, 

4.  Conclusions 

1.  The  weight  loss  of  alloys  investigated  shows  that  the 
corrosion  resistance  of  NiAl  in  molten  carbonate  at 
923  K  is  better  than  that  of  18-8  stainless  steel  or 
superalloy  GH217. 


2.  The  oxide  film  on  NiAl  in  molten  carbonate  are 
uniform,  and  the  oxide  layer  on  superalloy  GH217  are 
composed  of  two  regions,  respectively,  rich  in  Ni  and  Cr. 
The  oxide  layer  on  18-8  stainless  steel  are  made  up  of 
outer  particles  rich  in  Fe  and  the  inner  oxides  of  Cr  and 
Ni. 

3.  The  corrosion  products  of  NiAl  after  immersion  for 
120  h  are  composed  of  LiA102  and  LNNigOio-  The 
corrosion  products  of  GH217  and  18-8  stainless  steel, 
respectively,  consist  of  Ni203  +  LFNigOio  +  LiCr02 
and  LiFe02  +  LFNigOjo  +  LiCHT. 

4.  Superalloy  GH217  and  18-8  stainless  steel  show, 
respectively,  sudden  increase  of  corrosion  after  immer¬ 
sion  in  molten  carbonate  for  36  and  54  h. 

5.  The  pitting  potential  of  NiAl  is  the  most  positive  among 
three  alloys  and  its  potentials  of  peak  current  change 
with  the  sweep  rates. 
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